The c-myc proto-oncogene belongs to a family of related genes which includes L-myc, N-myc, s-myc, and B-myc (reviewed in reference 31). The c-myc gene encodes a short-lived nuclear phosphoprotein which is a central regulator of cell growth. Expression of c-myc is induced by mitogenic signals and is suppressed by growth-inhibitory signals. Constitutive c-myc expression inhibits exit from the cell cycle and prevents differentiation (31, 46) . Moreover, c-Myc activity is sufficient to drive quiescent cells into the cell cycle in the absence of growth factors, but also induces apoptosis when survival factors are missing (17, 19, 28) . Homozygous inactivation of c-myc in fibroblasts severely diminishes their rate of proliferation by prolonging both the G 1 and G 2 phases of the cell cycle (47) . Thus, c-Myc is a potent and critical promoter of cellular proliferation. Consistent with this fact, deregulated c-myc expression is very common in cancer. Activation of c-myc by proviral insertion, gene amplification, and chromosomal translocation has been described in a variety of tumors from several species, including humans. Furthermore, overexpression of c-myc in transgenic mice results in tumor development (46, 63) .
The c-Myc protein is a transcription factor of the basic helix-loop-helix-leucine zipper (bHLH-LZ) class. Two regions of c-Myc are critical for biological function-the N-terminal transactivation/repression domain and the C-terminal bHLH-LZ DNA binding domain. c-Myc can activate the transcription of specific E-box-containing genes as a heterodimeric complex with its partner protein, Max (23, 31) . Additionally, c-Myc can specifically repress gene transcription (13, 20) . Although the precise mechanism remains poorly understood, c-Myc is thought to exert its biological effects by regulating the expression of target genes involved in cellular proliferation (16, 20) .
The expression of c-myc is tightly regulated at many different levels. In addition to transcriptional initiation and attenuation, c-myc expression is regulated posttranscriptionally at the levels of mRNA stability, translation, and protein stability (46, 63) . Indeed, a remarkable feature of the c-Myc protein is its very short half-life, usually 20 to 30 min (27, 36, 41, 51, 73) . A number of short-lived transcription factors, including c-Myb (8) , c-Jun (69), c-Fos (66) , p53 (45) , and E2F (10, 29, 33) , among others, are degraded by the ubiquitin-proteasome pathway. In this pathway, ubiquitin polypeptides are covalently attached to lysine residues of the target protein by the concerted action of at least three enzymes: the ubiquitin-activating enzyme (E1), a ubiquitin-conjugating enzyme (E2), and a ubiquitin-protein ligase (E3). Upon multiubiquitination, substrate proteins are targeted for rapid proteolysis by the 26S proteasome (11, 12, 71) .
In this report, we present an analysis of c-Myc proteolysis. We show that c-Myc proteolysis is mediated by the ubiquitinproteasome pathway in vivo. We also demonstrate that two regions of the c-Myc protein are important for rapid degradation, a central PEST sequence unnecessary for c-Myc ubiquitination, and an N-terminal region required for efficient ubiquitination. Furthermore, we show that c-Myc is stabilized in a number of Burkitt's lymphoma cell lines, suggesting that defective c-Myc proteolysis by the ubiquitin pathway may play a role in lymphomagenesis.
ATCC. All Burkitt's cell lines were maintained in RPMI 1640 medium (Gibco-BRL) containing 10% fetal calf serum (Hyclone). All cell lines were maintained at 37°C in a humidified 5% CO 2 atmosphere.
Cell treatments. The specific protease inhibitors ALLN (N-acetyl-L-leucinyl-L-leucinyl-L-norleucinal; Sigma), ALLM (N-acetyl-L-leucinyl-L-leucinyl-methioninal; Sigma), E-64 [trans-epoxysuccinyl-L-leucylamido-(4-guanidino)butane; Boehringer Mannheim], and lactacystin (BIOMOL) were dissolved in dimethyl sulfoxide (DMSO). COS-7 or COLO320 cells at a density of ϳ5 ϫ 10 6 cells per 10-cm-diameter dish were treated with the indicated protease inhibitor at the indicated concentration for 2 h prior to pulse-chase analysis. The final concentration of DMSO in the tissue culture medium was 0.5%. To examine the accumulation of ubiquitin conjugates, Bk3A cells at a density of ϳ5 ϫ 10 5 cells/ml were treated with ALLN at 100 M for the indicated amount of time prior to Western blot analysis.
To block cells in mitosis, Bk3A cells at a density of ϳ5 ϫ 10 5 cells/ml were treated with nocodazole (Sigma) at 500 ng/ml for 24 h. Cells were then treated for the indicated amount of time with cycloheximide (Sigma) at 50 ng/ml to examine protein turnover, or with ALLN at 100 M, prior to Western blot analysis.
Plasmids. The simian virus 40 (SV40) promoter-driven expression plasmids containing wild-type human c-myc (pSV-myc) or the indicated deletion mutants (67) contain the SV40 origin of replication allowing for overexpression in COS cells and were a gift from C. Dang (Johns Hopkins University). The construction of the cytomegalovirus (CMV) promoter-driven murine c-myc expression plasmid, CMV-c-Myc2, has been described previously (26) . The murine c-myc cDNA has a mutation at the CUG upstream initiation site to prevent synthesis of the c-Myc1 protein. In addition, the murine c-Myc penultimate glycine is mutated to arginine which allows for selective immunoprecipitation of the exogenously expressed murine c-Myc protein with our avian-specific antibody (anti-av-Myc12C) from COS, murine, and human cells (26) . Single-stranded DNA from CMVMyc2 was used to create the deletion or point mutant constructs described in the text by site-directed mutagenesis according to the method of Kunkel (37) . All mutations were verified by sequencing. To create the CMV-driven c-MycS expression plasmids, the BbvII-XbaI fragment from CMV-Myc2, or a deletionmutated derivative, was subcloned into pcDNA3 (Invitrogen), which results in removal of the c-Myc2 initiation site. The CMV-hemagglutinin (HA) epitopetagged ubiquitin expression plasmid (pMT123) has been described previously (69) and was a gift from G. Kato (Johns Hopkins University).
Cell transfections. For transfection of COS-7 cells, cells were plated at a density of 2.5 ϫ 10 6 per 10-cm-diameter dish the day prior to transfection and were transfected with the indicated plasmids for 4 to 6 h by the calcium phosphate method as previously described (65) . For transfection of COLO320 cells, cells were plated at a density of 4 ϫ 10 6 cells per 10-cm-diameter dish the day prior to transfection and were transfected for 6 h by liposome-mediated transfection (Lipofectamine; Life Technologies) according to the manufacturer's instructions. For transfection of NIH 3T3 cells, cells were plated at a density of 2.5 ϫ 10 6 per 10-cm-diameter dish the day prior to transfection and were transfected with the indicated plasmids as described for COLO320 cells. Cells were harvested approximately 48 h posttransfection for analysis of c-Myc. CA46 cells were transfected with 15 g of CMV-Myc2 by using DMRIE-C reagent (Life Technologies) according to the manufacturer's instructions followed by selection in medium containing 800 g of G418 per ml (Geneticin; GibcoBRL) for 3 weeks.
Antibodies. The affinity-purified rabbit polyclonal c-Myc antibodies anti-MycFL (against full-length murine c-Myc) and avian-specific anti-av-Myc12C (against C-terminal avian c-Myc peptide) were generated as previously described (65) . The c-Myc mouse monoclonal antibody C-33 was purchased from Santa Cruz Biotechnology. Mouse monoclonal anti-HA antibody (12CA5) was obtained from A. Reynolds (Vanderbilt University).
Immunoprecipitation. Radiolabeled cells were lysed in cold Ab lysis buffer (25) with 20 U of aprotinin per ml followed by sonication. The amount of radiolabel incorporated into cellular proteins was determined by precipitation with 10% trichloroacetic acid (TCA). Equivalent amounts of TCA-precipitable counts from each cellular lysate were adjusted to equal volumes with Ab buffer, precleared with Staphylococcus aureus membranes (Pansorbin; Calbiochem), and clarified by centrifugation. Lysates were then incubated with 5 g of the indicated c-Myc antibody for 1 to 2 h at 4°C, and the immune complexes were precipitated with Pansorbin for 20 min. The immunoprecipitates were washed three times with radioimmunoprecipitation assay (RIPA) buffer (25) and incubated at 95°C for 3 min in Laemmli sample buffer. Samples were subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) with 10% polyacrylamide gels followed by autoradiography. High-range protein molecular weight markers (GibcoBRL) were used as standards in each SDS-PAGE gel.
Western blot analysis. Cells were lysed in RIPA buffer with 1 mM phenylmethylsulfonyl fluoride (PMSF), 20 U of aprotinin per ml, and 5 mM N-ethylmaleimide (NEM) followed by sonication. Protein concentrations of cellular lysates were determined using the DC protein assay (Bio-Rad). Equal amounts of lysate (100 g of total protein) were boiled for 3 min in Laemmli sample buffer and subjected to 10% polyacrylamide SDS-PAGE. High-range molecular weight markers (Rainbow markers; Amersham) were used as standards in each SDS-PAGE gel. Proteins were then electrophoretically transferred to nitrocellulose membranes (Protran; Schleicher & Schuell) followed by blocking in milk buffer (3% milk in Tris-buffered saline [TBS]; pH 7.5) and incubation with the indicated primary antibody in milk buffer overnight at 4°C. The membranes were washed with TBS (pH 7.5), and proteins were detected by incubation with horseradish peroxidase-conjugated donkey anti-rabbit immunoglobulin G (IgG) (Jackson Laboratories) or goat anti-mouse IgG (Amersham) secondary antibodies, as appropriate, followed by enhanced chemiluminescence (ECL; Amersham) according to the manufacturer's instructions.
Pulse-chase experiments. COS-7 or COLO320 cells were plated at a density of 2 ϫ 10 6 or 4 ϫ 10 6 cells per 10-cm-diameter dish, respectively, the day prior to pulse-chase analysis. Transiently transfected COS-7 or NIH 3T3 cells were split 1:4 or 1:5 into 10-cm-diameter dishes 24 h after transfection and were subjected to pulse-chase analysis 24 h later. For the pulse-chase, the cells were washed with phosphate-buffered saline (PBS) and labeled with 200 to 500 Ci of [
35 S]methionine/cysteine (Trans 35 S-label; ICN) per plate in methionine/cysteine-free DMEM (GibcoBRL) at 37°C for 10 min. After labeling, the cells were washed with PBS and chased with complete DMEM containing 10% calf serum at 37°C for the indicated amount of time. Where indicated, specific protease inhibitors were included in the chase medium. For the Burkitt's lymphoma cells, the cells were grown to a density of ϳ5 ϫ 10 5 cells/ml. Cells (4 ϫ 10 7 ) were labeled with 1 mCi of Trans 35 S-label and were chased in RPMI 1640 medium containing 10% fetal calf serum for the indicated amount of time. A total of 10 7 cells were collected at each time point. Cells were subsequently subjected to immunoprecipitation analysis as described above. Band intensities were measured by scanning densitometry (Un-Scan-It; Silk Scientific) of autoradiographs.
In vivo ubiquitination assay. COS-7 or COLO320 cells were transiently transfected with 4 g of CMV-ubiquitin-HA and/or 2 g of the indicated c-Myc expression plasmid, and the cells were split 1:4 into 10-cm-diameter dishes 24 h posttransfection. Where indicated, the cells were treated with ALLN (100 M) as described in the text. The cells were lysed in Ab lysis buffer with 1 mM PMSF, 20 U of aprotinin per ml, and 5 mM NEM followed by sonication. Cellular lysates were equalized for total protein concentration, and immunoprecipitation was performed as described above, except that lysates were incubated with 2 g of the indicated c-Myc antibody overnight at 4°C. Immunoprecipitates were subjected to 10% polyacrylamide SDS-PAGE, transferred to nitrocellulose, and blotted with 12CA5 at 1 to 5 g/ml, and protein-ubiquitin conjugates were detected by ECL as described above. In some cases, blots were "stripped" as suggested by the manufacturer (Amersham) and reprobed with another antibody as indicated.
RESULTS

Proteolysis of c-Myc by the ubiquitin-proteasome pathway.
The c-Myc protein has a very short half-life, usually ϳ20 to 30 min (27, 36, 41, 51, 73) , relative to other cellular proteins. Because the ubiquitin-proteasome pathway is responsible for the degradation of many short-lived transcription factors, we sought to determine whether this proteolytic pathway is involved in the rapid degradation of c-Myc in vivo. We first investigated whether c-Myc degradation is dependent on the activity of the 26S proteasome. COS-7 cells were treated with ALLN, a peptide aldehyde that inhibits the proteasome (53), or with the solvent DMSO as a control. To determine the rate of c-Myc protein turnover in these cells, pulse-chase experiments were performed followed by immunoprecipitation analysis of c-Myc. In cells treated with ALLN, turnover of endogenous c-Myc was markedly inhibited (Fig. 1A) . Similar results were observed with several different cell lines, including COLO320 (Fig. 1B) , HeLa, and the avian bursal lymphoma cell lines 243 and Bk3A (data not shown). Since ALLN not only is a potent inhibitor of the proteasome but also is inhibitory to other proteases, including calpains (72), we examined the effects of additional protease inhibitors on c-Myc turnover in COLO320 cells by pulse-chase analysis. As shown in Fig. 1B , turnover of c-Myc was blocked in cells treated with either ALLN or with lactacystin, an inhibitor specific for the proteasome (21) . Conversely, neither ALLM, a peptide aldehyde which is more inhibitory to calpain than to the proteasome (53) , nor E-64 [trans-epoxysuccinyl-L-leucylamido-(4-guanidino) butane], an inhibitor of lysosomal cysteine proteases (6) , had a significant effect on c-Myc degradation (Fig. 1B) . These results suggest that proteolysis of c-Myc is proteasome dependent.
Substrates of the ubiquitin-proteasome pathway are conjugated to ubiquitin, and the formation of a multiubiquitin chain targets them for proteasomal degradation. The hypothesis that c-Myc is degraded by this pathway predicts that prolonged inhibition of the proteasome would lead to the accumulation of multiubiquitinated forms of c-Myc. To test this prediction, Bk3A cells were treated with the proteasome inhibitor ALLN for up to 24 h. Western blot analysis with anti-c-Myc revealed the accumulation of a ladder of upper-molecular-weight c-Myc forms ( Fig. 2A) indicative of ubiquitination. These slowermigrating c-Myc forms were evident after 2 h of treatment (lane 2) and accumulated to high levels after 6 and 24 h of treatment with ALLN (lanes 3 and 4).
To directly assess whether c-Myc is a substrate for ubiquitination in vivo, we used an expression plasmid encoding HA epitope-tagged ubiquitin. This plasmid was transiently transfected into COS-7 cells together with an expression plasmid encoding murine c-Myc. Forty-six hours after transfection, cells were left untreated or treated with the proteasome inhibitor ALLN for 2 h. Cell lysates were subjected to immunoprecipitation with a c-Myc antibody specific for the exogenously expressed c-Myc followed by Western blotting for the HA epitope. As shown in To verify that the ubiquitination of c-Myc is not merely a consequence of exogenous overexpression, we sought to confirm that endogenous c-Myc is also a substrate for ubiquitination. Thus, COLO320 cells were transiently transfected with HA-ubiquitin and cells were treated as described above. The endogenous human c-Myc was immunoprecipitated with antic-Myc followed by Western blot analysis with anti-HA. As shown in Fig. 2C , HA-reactive upper-molecular-weight species Fig. 3 ) were transiently transfected into COS-7 cells, and the rate of protein turnover was analyzed in pulse-chase experiments. Deletion of various Cterminal regions spanning amino acids 265 to 433 had no significant effect on c-Myc turnover (Fig. 3) . Smaller deletion mutations within this region (d265-317 and d312-368) were also tested, and likewise, c-Myc turnover was unaffected (data not shown). The C-terminal portion of c-Myc contains the basic region (b; amino acids 355 to 368), HLH motif (amino acids 368 to 410), and LZ domain (amino acids 411 to 439), which are required for dimerization with Max and DNA binding. Also, the c-Myc nuclear localization signals are contained within this region, the main nuclear localization signal being located at amino acids 320 to 328 (31) . Because removal of these sequences did not inhibit turnover of c-Myc, it appears that dimerization with Max, binding to DNA, or nuclear localization is not required for rapid c-Myc degradation. One mutant, c-Myc d145-262, consistently showed partial stabilization in pulse-chase experiments (Fig. 3) . Although the central region of c-Myc is dispensable for c-Myc function (67) , this observation suggested it may contain sequences which play a role in c-Myc proteolysis. Indeed, the 145 to 262 deletion removes a conserved central acidic region (A; amino acids 242 to 261) and most of a PEST sequence in c-Myc.
PEST sequences are sequences enriched in proline (P), glutamic acid (E), serine (S), threonine (T), and aspartic acid (D), which occur with high frequency in short-lived proteins (52, 54) . c-Myc contains PEST sequences spanning amino acids 207 to 269 (diagrammed in Fig. 4 ) with the "highest score" PEST sequence being amino acids 241 to 269 (54) . To investigate the importance of this PEST region for c-Myc degradation, PEST deletion mutants of murine c-Myc (d241-269 and a slightly larger deletion, d226-270) were analyzed in pulse-chase experiments along with wild-type c-Myc in COS-7 cells. As shown in Fig. 4 , the d241-269 deletion mutation partially stabilized whereas d226-270 substantially stabilized c-Myc. In contrast, a deletion of amino acids 226 to 241 had no effect on c-Myc turnover (data not shown). These results suggest that a PEST sequence specified within amino acids 226 to 270 is required for efficient c-Myc proteolysis and removal of this entire region is necessary to confer a substantial increase in protein stability. It is worth noting that overexpressed c-Myc was generally somewhat more stable (on average, half-life of ϳ40 min) relative to the turnover of endogenous c-Myc in this cell line (half-life, 20 to 30 min [see Fig. 1A] ). This increased stability is partially due to the fact that during the chase, a small proportion of c-Myc shifts to a larger stable form (marked with an asterisk in Fig. 4 apparent modification is. We believe the slightly prolonged half-life of c-Myc is likely a consequence of the high level of exogenous c-Myc expression in these experiments. Nonetheless, c-Myc was still degraded relatively rapidly, and our ability to discern an increase in stability, as with c-Myc d226-270 (half-life, ϳ5 h), was unaffected.
Having demonstrated that c-Myc is degraded by the ubiquitin-proteasome pathway, we reasoned that the inability of c-Myc d226-270 to be rapidly degraded may be due to an inability of this mutant protein to be ubiquitinated. To test this hypothesis, c-Myc d226-270, or wild-type c-Myc, was cotransfected into COS-7 cells with HA-ubiquitin, exogenous c-Myc proteins were specifically immunoprecipitated, and immunoprecipitates were analyzed by Western blotting for HA. Unexpectedly, c-Myc d226-270 consistently displayed a higher level of ubiquitination relative to wild-type c-Myc (Fig. 5A, compare  lanes 2 and 3) . When c-Myc protein expression was analyzed by Western blotting for c-Myc, we observed that upper-molecular-weight forms of c-Myc d226-270, indicative of ubiquitin conjugates, had accumulated (Fig. 5B, lane 3) . These results indicate that the PEST sequence is necessary for rapid c-Myc proteolysis at a step which comes after ubiquitination. A block to c-Myc degradation by the proteasome, but not to ubiquitination, would explain the accumulation of ubiquitinated forms of c-Myc d226-270.
We next examined the requirement of N-terminal regions for rapid c-Myc proteolysis in search of a region or regions which might target c-Myc for ubiquitination. The N terminus contains the c-Myc transactivation domain (TAD; amino acids 1 to 143), which includes two highly conserved regions known as Myc homology boxes, MBI and MBII, the latter of which is essential for c-Myc biological activity (31, 75) . We have previously shown that c-MycS, a downstream-initiated alternative translational form of c-Myc which lacks the first approximately 100 amino acids compared with full-length c-Myc, is rapidly degraded in vivo (65) . In addition, c-MycS is ubiquitinated to a similar extent compared with c-Myc (data not shown). This suggests that the N-terminal 100 amino acids of c-Myc are not required for rapid proteolysis. Also, we have shown that BMyc, a c-Myc homologue that is highly homologous (68% identity) to the N terminus of c-Myc We thus reasoned that this region of c-Myc may contain a necessary degradation signal. To test this idea, deletion mutants of murine c-Myc, d106-143, d127-158, and d144-158, or wild-type c-Myc, were transfected into COS-7 cells and examined by pulse-chase analysis. Only the deletion of amino acids 127 to 158 significantly affected the stability of c-Myc (Fig. 6A) . Similar results were obtained when these deletion mutants were expressed in HeLa cells (data not shown). c-Myc d127-158 displayed considerable stabilization (half-life, 2.5 h) relative to wild-type c-Myc (half-life, 35 min); unexpectedly, however, it completely shifted to a slower-migrating form (ϳ12 kDa larger) during the chase. This large shift in mobility appears to be due to phosphorylation because it can be removed by treatment with phosphatase (data not shown). Although c-Myc d127-158 was more stable, it was still mostly degraded over the course of the pulse-chase (Fig. 6A) , and none of the mutants tested in this assay showed a demonstrable difference in its ability to be ubiquitinated compared with wild-type c-Myc (data not shown).
Although the first 100 amino acids of c-Myc are not required for rapid c-Myc turnover, we reasoned that they might contribute to c-Myc's instability. Indeed, in a recent report by Flinn et al., it was shown that both MBI (amino acids 45 to 63) and MBII can independently destabilize a heterologous protein (22) . To test our hypothesis, we generated c-MycS expression plasmids containing the deletion mutations described above. Thus, these deletion mutants, c-MycS d106-143, d127-158, and d144-158, lack the first 100 amino acids of c-Myc, including MBI, in addition to the respective MBII region deletion. These constructs were transfected into COS-7 cells and subjected to pulse-chase analysis. As shown in Fig. 6B , deletion of amino acids 106 to 143 partially stabilized c-MycS, and this small increase in stability was reproducibly observed (data not shown). c-MycS d127-158, however, was largely stabilized, and, in fact, turnover of c-MycS d127-158 was virtually undetectable in this assay. This effect was not solely due to the removal of MBI and MBII, since c-Myc d106-143, which also lacks these sequences, was only minimally stabilized. As with fulllength c-Myc, the d127-158 mutation caused c-MycS to shift into a slower-migrating form (ϳ3 kDa larger) (Fig. 6B) . Because the shift in mobility could be removed with phosphatase treatment, it may be due to hyperphosphorylation of c-Myc as a consequence of defective proteolysis. Indeed, phosphopeptide mapping experiments have revealed that c-MycS d127-158, in comparison with wild-type c-MycS, becomes phosphorylated at several new sites which have not previously been observed in c-Myc peptide maps (data not shown). The results presented above suggest that amino acids 127 to 158 play an essential role in rapid c-Myc proteolysis and that upstream sequences, within the first 100 amino acids of c-Myc, additionally contribute.
To determine if the N-terminal regions of c-Myc which are required for rapid proteolysis are required for ubiquitination, the c-MycS deletion mutants described above, or wild-type c-MycS, were coexpressed with HA-ubiquitin in COS-7 cells and the exogenous c-Myc proteins were immunoprecipitated. Western blotting for HA showed that ubiquitination of c-MycS d127-158 was significantly impaired (Fig. 7A, (Fig. 7B) . The highly stable c-MycS d127-158 did not seem to accumulate to high levels (lane 5), as would be expected; however, RNA levels were not measured, and there may have been changes in mRNA stability or translation. Although these results support a role for N-terminal sequences in targeting c-Myc for ubiquitination and subsequent degradation, it appears these sequences are not absolutely required for ubiquitination. Both c-MycS d106-143 and the more stable c-MycS d127-58 appear to remain partially ubiquitinated (Fig. 7A, lanes 3 and 5) . Thus, there still might be additional sequences in c-Myc which can target the protein for ubiquitination, albeit inefficiently.
Degradation and ubiquitination of c-Myc are blocked in mitosis. An interesting question is whether c-Myc proteolysis by the ubiquitin-proteasome pathway is merely a constitutive process or is regulated. A previous study provided evidence that c-Myc may be stabilized in mitosis (40) . In order to directly test this hypothesis, Bk3A cells were blocked in mitosis by nocodazole treatment and compared with unsynchronized cycling Bk3A cells. The stability of c-Myc was assessed by monitoring c-Myc levels by Western blot analysis after treatment of cells with cycloheximide to inhibit protein synthesis. As shown in Fig. 8A , turnover of c-Myc was rapid in unsynchronized cells, but was significantly slower in mitotic cells. The amount of c-Myc turnover observed in the nocodazoletreated cells might, at least partially, be accounted for by a population of cells not blocked in mitosis. To determine if ubiquitination of c-Myc is compromised in mitosis, unsynchronized or mitotic Bk3A cells were treated with ALLN for up to 6 h to block proteasome activity. c-Myc was then examined by Western blot for the accumulation of ubiquitin conjugates. In unsynchronized cells, upper-molecular-weight forms of c-Myc, indicating ubiquitin conjugation, rapidly accumulated to a high level by 6 h of proteasome inhibition (Fig. 8B, lane 3) . In mitotic cells, however, the accumulation of ubiquitinated forms was largely blocked (compare lanes 3 and 6) indicating that c-Myc ubiquitination is abrogated in mitosis. Importantly, these results demonstrate a direct correlation between the ability of c-Myc to be ubiquitinated and its ability to be degraded, which is expected if c-Myc proteolysis is dependent on the ubiquitin pathway.
Stabilization of c-Myc in Burkitt's lymphoma cell lines. It was previously observed that c-Myc is stabilized in several human glioma cell lines (61) . Additionally, a prolonged N-Myc half-life was observed in a human neuroblastoma cell line (15) , thus leading to the suggestion that aberrant Myc protein degradation may contribute to oncogenesis. In order to determine if c-Myc stabilization occurs in another tumor cell type, we Mutations in the N-terminal domain of c-Myc are commonly observed in Burkitt's lymphoma, with Thr-58 being a hot spot for mutation (1, 4, 7, 76) . Because Thr-58 is a major site of phosphorylation in c-Myc (43) , this suggests the possibility that phosphorylation of this residue regulates c-Myc stability. To examine this possibility, NIH 3T3 cells were transiently transfected with an expression plasmid encoding either wild-type c-Myc or c-Myc with Thr-58 mutagenized to nonphosphorylatable Ala and subjected to pulse-chase analysis. As shown in Fig. 10A , c-Myc T58A was moderately more stable than wildtype c-Myc (approximately 1.6-fold). Similar results were obtained using COS-7 cells where c-Myc T58A was approximately 1.7-fold more stable than wild-type c-Myc (data not shown). These data suggest that phosphorylation of Thr-58 facilitates rapid c-Myc proteolysis and that mutations at or near Thr-58 may contribute to the increased stability of c-Myc in Burkitt's lymphoma cells.
In order to determine if mutation of c-Myc fully accounts for the observed increase in c-Myc stability in Burkitt's lymphoma cells, we wished to examine the stability of wild-type c-Myc in the context of a Burkitt's lymphoma cell line in which endogenous mutant c-Myc is stabilized. To this end, CA46 cells, the cell line in which c-Myc was found to be the most stable (Fig.  9) , were stably transfected with wild-type c-myc. Immunoprecipitation analysis using anti-MycFL, which recognizes both the endogenous and exogenous c-Myc, revealed that c-Myc levels were not substantially higher in CA46/mycWT compared with untransfected CA46 cells (Fig. 10B, compare lanes 1 and  2) , demonstrating that expression of exogenous wild-type cMyc is comparable to that of endogenous c-Myc. Anti-avMyc12C, directed against the C terminus of the exogenous c-Myc, immunoprecipitated c-Myc in CA46/mycWT (Fig. 10B,  lane 4) but not in untransfected CA46 cells (lane 3), confirming the specificity of this antibody for exogenous c-Myc. Untransfected CA46 and CA46/mycWT cells were used in pulse-chase experiments followed by immunoprecipitation analysis of endogenous or exogenous c-Myc. As shown in Fig. 10C , exogenous wild-type c-Myc in CA46/mycWT cells displayed a significantly prolonged half-life (95 min) similar to that of endogenous mutant c-Myc in CA46 cells. These results suggest that the increased stability of c-Myc in CA46 cells is not primarily due to c-Myc mutation indicating that there are addi- 
DISCUSSION
In recent years, it has become clear that ubiquitin-mediated proteolysis is a key mechanism for regulating critical proteins involved with cell growth (18, 35) . In this report, we have demonstrated that c-Myc is degraded by the ubiquitin-proteasome pathway in vivo. Our results are in agreement with recent reports, published while this work was in progress, implicating the ubiquitin-proteasome pathway in the degradation of c-Myc in vivo (24, 57) . As in these studies, we have found that rapid proteolysis of c-Myc depends on the activity of the 26S proteasome. Furthermore, we have shown that endogenous c-Myc is a substrate for ubiquitination and that multiubiquitinated forms of c-Myc rapidly accumulate upon proteasome inhibition. Additionally, we have shown that there is a direct correlation between c-Myc ubiquitination and degradation because both of these processes are inhibited in mitotic cells. These data strongly argue that c-Myc proteolysis occurs via the ubiquitin-proteasome pathway.
In our attempts to identify the regions of c-Myc which are required for its rapid degradation, we have found that Cterminal sequences (amino acids 265 to 439) are unnecessary. Because this region contains the c-Myc nuclear localization signals and the bHLH-LZ domain, we suggest that nuclear localization, dimerization with Max, and DNA binding are unimportant for rapid c-Myc degradation. A centrally located PEST sequence (amino acids 226 to 270 of murine c-Myc), however, appears to be critical since removal of this sequence substantially blocked c-Myc degradation. PEST sequences are found in numerous short-lived proteins and are thought to target proteins for rapid degradation via the proteasome, although the exact mechanism is unclear (52) . In many cases, PEST sequences act as conditional proteolytic signals. For example, phosphorylation of a PEST sequence by casein kinase II (CKII) appears to promote the degradation of Drosophila Cactus (39) and its mammalian counterpart, IB␣ (38, 48, 59) . The PEST sequence of c-Myc could also be regulated by phosphorylation as c-Myc is a substrate for phosphorylation by CKII in vitro at sites which fall within the PEST region (amino acids 240 to 262) (42) . However, phosphopeptide mapping experiments have not confirmed that c-Myc is phosphorylated in vivo within this region (M. A. Gregory and S. R. Hann, unpublished data).
How do PEST sequences target proteins for degradation? A prevalent theory is that PEST sequences, or the kinase target sites located therein, target the protein for ubiquitination and thus degradation by the proteasome, although substantial evidence is lacking. Surprisingly, we have found that although the PEST sequence of c-Myc (amino acids 226 to 270) is required for rapid degradation, it is not required for ubiquitination; in fact, removal of this sequence caused the accumulation of ubiquitinated c-Myc. We conclude that the PEST sequence of c-Myc plays a necessary role in a step which comes between c-Myc ubiquitination and its subsequent degradation by the proteasome. Thus, the c-Myc PEST sequence would seem to be necessary but not sufficient for rapid degradation. Similar observations have been made regarding the PEST sequences of other substrates of the ubiquitin-proteasome pathway. For example, the PEST sequences of IB␣ and yeast Cln2 were found to be necessary for rapid proteolysis, but were insufficient by themselves in destabilizing a heterologous protein (9, 56) . The precise role of the PEST region in c-Myc proteolysis is open to speculation. Brown et al. have suggested that the high degree of negative charge conferred by acidic PEST residues may be required for unfolding of a protein substrate after docking with the proteasome (9). Our results with c-Myc would be consistent with this hypothesis. A less likely possibility is that the PEST sequence of c-Myc is important for efficient recognition by the proteasome and ubiquitination could serve to alter the protein conformation such that the PEST region is exposed.
We also have demonstrated a role for N-terminal sequences in targeting c-Myc for ubiquitin-mediated proteolysis. Our previous studies showed that c-MycS, which lacks the N-terminal 100 amino acids of c-Myc, is rapidly degraded (65) . This suggests that the N-terminal 100 amino acids, which includes the highly conserved MBI, do not contain an essential degradation signal, but does not exclude the possibility that this region might contribute to c-Myc's instability. In this report, we have shown that removal of a specific sequence encompassing highly conserved MBII, amino acids 127 to 158 of murine c-Myc, significantly inhibited c-Myc degradation. However, when this sequence was removed from c-MycS, degradation was largely blocked and ubiquitination was inhibited. This effect was not due solely to the removal of MBII (amino acids 130 to 142) as a deletion of amino acids 106 to 143 only partially inhibited c-MycS ubiquitination and degradation. From these results, we conclude that the c-Myc N terminus contains multiple regions involved in targeting c-Myc for ubiquitination and rapid degradation, including a primary region encompassing MBII (amino acids 127 to 158) and a secondary region(s) within the first 100 amino acids. As neither of these small Myc proteins contain a discernible PEST sequence, we conclude the PEST region is only necessary for the degradation of larger Myc proteins, which would be consistent with the unfolding hypothesis previously discussed.
It is interesting that neither of the two deletions, d106-143 or d144-158, which remove either half of the d127-158 sequence mimicked the substantial stabilizing effect of d127-158 on c-MycS. This could be explained if the d127-158 sequence contained multiple elements capable of recruiting the ubiquitination machinery. An alternative possibility might be that this region contains multiple lysine residues which can serve as the acceptor sites for ubiquitin. Indeed, d127-158 removes all the lysines from this region of c-Myc (K127, K144, K149, and K158 [see Fig. 6]) . The only two other lysines in the c-Myc N terminus occur at amino acids 51 and 52, within MBI, which are lacking in c-MycS. Thus, in the absence of MBI, the MBII region lysines could be critical sites for ubiquitination. Most of these lysines are evolutionarily conserved in a c-Myc and are present in other Myc family members. Although specific lysines are usually not required, in the case of IB for example, two specific lysines are necessary target sites for ubiquitination (58) .
Two recent reports have also investigated the regions of c-Myc involved in proteolysis. . Forty-eight hours after transfection, the cells were subjected to pulse-chase analysis as described in the legend to MBII caused substantial accumulation of c-Myc in mammalian cells. Our results seem to conflict with the last observation, since we did not observe significant accumulation of c-MycS d106-143, which lacks both MBI and MBII, in COS-7 cells. Additionally, our pulse-chase analysis showed that c-MycS d106-43 is only minimally stabilized, leading us to conclude that N-terminal sequences other than just MBI and MBII play an important role in c-Myc proteolysis (discussed above). Salghetti et al. (57) localized a necessary signal for ubiquitinmediated degradation to the N-terminal 147 amino acids of c-Myc based on deletional analysis and showed that multiple sequence elements from this region can act as degradation signals when fused to a heterologous protein. Our results are partially in conflict with their report. They found that removal of the first 94 amino acids was sufficient to considerably stabilize c-Myc whereas we have shown that c-MycS, which lacks this sequence, is rapidly degraded similar to full-length c-Myc. Also, they found that deletion of the N-terminal 147 amino acids both stabilized c-Myc and abrogated detectable ubiquitination. This deletion mutation is highly similar to our d106-143 mutation of c-MycS, which we've shown only partially inhibits ubiquitination and degradation. These inconsistencies might be explained by differences in the experimental systems used. Nonetheless, the two aforementioned reports and our results all converge on the conclusion that multiple regions within the c-Myc N terminus can signal ubiquitination and degradation. As the N-terminal domain of c-Myc is essential for c-Myc biological function, the prospect that this region contains multiple elements which signal ubiquitin-mediated degradation is intriguing. It is interesting to speculate that c-Myc's ability to recruit the ubiquitination machinery may be critical for c-Myc function (57) .
It is obvious that the rapid rate of c-Myc protein degradation allows tight regulation of c-myc function. In addition, several observations suggest that c-Myc proteolysis itself is regulated. First, a twofold increase in the rate of c-Myc degradation was observed during the postcommitment phase of murine erythroleukemia cell differentiation (64) . Secondly, it was recently shown that Ras stabilizes c-Myc in rat REF52 fibroblasts (60) . Thirdly, we have shown in this report that c-Myc overexpression can lead to moderate protein stabilization. Fourth, we also have demonstrated that c-Myc degradation is inhibited in mitosis. Lastly, c-Myc is stabilized in some tumor cells (discussed below). Thus, it seems that ubiquitin-mediated proteolysis of c-Myc is not merely a constitutive process but is regulated.
The abundance of key growth regulatory proteins is frequently altered in cancer cells. For example, elevated Myc expression due to gene amplification is observed in a wide range of human tumors (46) . It is reasonable to speculate that aberrant or deregulated proteolysis of Myc might be an alternative or additional mechanism of oncogenic activation. Indeed, stabilization of c-Myc has been observed in human glioma cell lines (61) and N-Myc stabilization was seen in a neuroblastoma cell line lacking N-myc amplification (15) . We have shown that c-Myc is significantly stabilized (two-to sixfold, half-lives, 46 to 120 min) in a large number of Burkitt's lymphoma-derived cell lines leading us to conclude that defective c-Myc proteolysis may contribute to the uncontrolled proliferation of Burkitt's lymphoma cells. Additionally, Ruf et al. recently demonstrated that c-Myc was stabilized severalfold (half-life, 120 min) in the Akata cell line, but not in two other Burkitt's lymphoma cell lines examined (55) . In Burkitt's lymphoma, c-myc is translocated to one of the Ig loci resulting in constitutive, although not necessarily elevated, c-myc expression (63, 68) . Therefore, c-Myc protein stabilization could provide a means for high-level constitutive c-Myc expression in this lymphoma.
Mutations in c-Myc are common in Burkitt's lymphoma and in AIDS-associated lymphomas; these mutations frequently occur in the N-terminal transactivation domain clustering around Thr-58, a highly conserved and functionally important phosphorylation site in MBI (1, 4, 7, 14, 76) . Mutation of Thr-58 increases c-Myc's activity in transformation assays, suggesting that phosphorylation at Thr-58 transduces a negative growth signal (30, 49) . Interestingly, the three Burkitt's cell lines in which c-Myc turnover was normal (Daudi, Jijoye, and Ramos) have been shown to express c-Myc with a wild-type sequence in the N-terminal domain (1, 50, 74) . Of the nine Burkitt's cell lines in which c-Myc was stabilized, c-Myc was found to be mutated in the N-terminal domain in five of them, CA46, DW6, JLPc119, p3HR1, and ST486 (1, 4, 7, 32, 62) and of these five, three have c-Myc mutations at Pro-57 (CA46, p3HR1, and ST486), a mutation which abolishes Thr-58 phosphorylation (32) . Also, the half-life of c-Myc was significantly extended in two additional Burkitt's cell lines which have cMyc mutations at Thr-58 (J. Niklinski, G. F. Claassen, M. A. Gregory, F. J. Kaye, C. J. Allegra, S. R. Hann, and M. ZajacKaye, unpublished data). These observations suggest the possibility that Thr-58 phosphorylation facilitates rapid c-Myc proteolysis and that decreased proteolysis of c-Myc in Burkitt's lymphoma may be the result of mutation within the c-Myc N-terminal domain at or near Thr-58. In support of this idea, we've shown that a Thr-58-to-alanine mutation moderately stabilizes ectopic c-Myc in NIH 3T3 and COS-7 cells. Similarly, Salghetti et al. observed stabilization of c-Myc in human U2OS cells with a Thr-58-to-alanine mutation, as well as with other mutations which occur in Burkitt's lymphoma (57) . However, c-MycS, which lacks Thr-58, retains a normal rapid half-life (discussed above). This suggests that the absence of the Nterminal domain precludes the requirement of Thr-58 phosphorylation for rapid c-Myc proteolysis.
Although mutation of c-Myc is apparently sufficient to moderately stabilize the protein, it does not appear to be essential for c-Myc stabilization in Burkitt's lymphoma. In this report, we have shown that ectopic wild-type c-Myc has a significantly prolonged half-life similar to that of endogenous mutant c-Myc in CA46 Burkitt's lymphoma cells. Furthermore, mutations were not detected in the N-terminal domain of c-Myc in three of the Burkitt's cell lines (KK124, Namalwa, and Walker) (1, 7) in which we've shown that c-Myc is stabilized. It is also worth noting that the neuroblastoma cell line NBL-S, in which stabilization of the highly related c-Myc homologue N-Myc was observed (15) , expresses only wild-type N-Myc (34) . From these observations, we conclude that there are additional or alternative mechanisms, other than c-Myc mutation, that stabilize c-Myc in Burkitt's lymphoma. For example, there may be a defect in the pathway which mediates c-Myc proteolysis, such as alteration of an E2 or E3 enzyme which directs c-Myc ubiquitination.
